ABSTRACT A large sample of over 38,000 chromospherically active candidate solar-like stars and cooler dwarfs from the RAVE survey is addressed in this paper. An improved activity identification with respect to the previous study was introduced to build a catalog of field stars in the Solar neighborhood with an excess emission flux in the calcium infrared triplet wavelength region.
INTRODUCTION
A large portion of solar-like and later-type dwarf stars exhibit signs of chromospheric activity during their young ages, especially before they reach Solar age (Mamajek & Hillenbrand 2008, hereafter M08) . Chromospheric activity develops in stars with a subsurface convective layer, i.e., stars in the cooler part of the Hertzsprung-Russell diagram. There are two components responsible for the excessive emission flux. The dominant component is produced by a complex rotationdriven magnetic dynamo. It is superimposed on the basal emission (e.g., Schrijver et al. 1989) originating from the acoustic energy released into the atmosphere from the ubiquitous convective cells. While the basal emission remains constant the loss of the angular momentum of the star over time leads to the decline of the rotation period and activity. Because the decline of the excess flux over hundreds of millions of years exceeds the short-term variations on the scales of days (stellar flares), months (starspot rotation) and decades (Solar 11-year cycle analogues) -e.g., Wright et al. 2004 -this observable is a suitable age estimator. While precise dating is not possible due to many reasons (e.g. pre-main sequence and zero-age main sequence stars exhibit a broad range of activity levels at a given age, Soderblom 2010), an order of magnitude age estimate is easily attainable in the range from a few tens of millions of years up to a few Gyr.
In contrast to the more fundamental but observationally demanding gyrochronology-based dating, the detection of chromospheric activity is straightforward as it 2Žerjal et al.
manifests itself in a wide range of emission intensities in the strongest spectral lines (Hα, Hβ, Ca II H&K, Ca II infrared triplet; Mg II h&k -the latter not visible from the ground). A single spectral measurement with moderate signal-to-noise ratio (> 20 per pixel) and midrange resolving power is adequate for stellar age estimation using the age-activity relation. This fact is of huge importance in the era of large Milky Way spectroscopic surveys covering hundreds of thousands of stars as it enables the age estimation of a large number of young candidates. Such catalogs of young stars enhanced with the individual abundances (e.g., Galah (De Silva et al. 2015) and Gaia-ESO (Smiljanic et al. 2014 ) Surveys) and astrometric data and parallaxes from Gaia (Michalik et al. 2015) hold a huge potential for the investigation not only of the recent star formation history in the Solar neighborhood and the evolution of the Milky Way galaxy but the nature of stellar dynamo mechanisms and the influence of stellar activity and abundances on the planetary environments as well.
In this paper we investigate the data from the RAVE Survey (RAdial Velocity Experiment 19 , Steinmetz et al. 2006; Zwitter et al. 2008; Siebert et al. 2011; Kordopatis et al. 2013; Kunder et al. 2016) . While most of the literature studying chromospheric activity covers the strong Ca II H&K (3967 and 3933Å; Zhao et al. 2015 for example report on a catalog of 120,000 F, G, and K stars with the Ca II H&K emission in the first LAMOST data release), RAVE focuses on the Ca II infrared triplet (Ca II IRT; 8498, 8542 and 8662Å) . The latest data release (DR5, Kunder et al. 2016 ) includes 520,781 multi-fibre spectroscopic measurements of 457,588 stars collected between 2003 and 2013 with radial velocity determination being one of the main goals of the survey.
With the help of an efficient unsupervised stellar classification algorithm based on normalized stellar fluxes and independent of stellar parameters (locally linear embedding, Matijevič et al. 2012 , hereafter M12) tens of thousands of candidate active stars have been uncovered. A large catalog of 44,000 candidate chromospherically active RAVE stars described in the first paper in the series (Žerjal et al. 2013, hereafter Z13) contains over 14,000 stars above the 2σ excess emission detection limit.
Around 65% of all the objects in the RAVE database (and 60% of the active candidates) are also found in the Tycho-2 astrometric catalog (Høg et al. 2000) . Because these dwarfs reside in the Solar neighborhood their distance errors in the first Gaia data release (TGAS: "using the positions from the Tycho-2 Catalog as additional information for a joint solution with early Gaia data"; Michalik et al. 2015) are expected to be of the order of 10%, a number that will become considerably more precise with future data releases (reaching a level of ∼ 1%, e.g., Bailer-Jones et al. 2013) . The catalog of active stars in combination with radial velocities (provided by RAVE) and reliable distances and proper motions will directly enable the study of the early stellar evolution and recent star formation history in the local neighborhood.
The dataset will be significantly enhanced by the 19 https://www.rave-survey.org/ Gaia-RVS catalog (Radial Velocity Spectrometer, covering the same Ca II IRT domain, Katz et al. 2004; Cropper & Katz 2011) . By the end of the mission the set of around 9 million stars (with their G RV S magnitude brighter than ∼ 11.75 and the signal-to-noise ratio of their spectra over 20 per pixel) will be the largest database to look for active stars in. In paper I (Z13) we listed our selection of candidate active stars, in the present paper II we derive their ages. First we introduce an improved activity identification procedure by elimination of stars with nonchromospheric sources of emission from the original catalog (Sec. 2). The catalog is enhanced with 46 additional very active candidates not included in Z13. A study of the J − K versus N UV − V diagram in Sec. 3 shows an offset of the youngest stars with the highest emission levels from the main sequence. This group of stars accumulates in a relatively confined part of the plot where young, T Tauri, pre-main sequence stars and stars with X-ray emission are found. A calibration of the age-activity relation using ages from the literature is presented in Sec. 4 as the leading result of this paper which allows an order of magnitude age determination for more than 22,000 young RAVE stars in the Solar neighborhood. The lower and upper distance limit determination is described in Sec. 5. Conclusions with a discussion, open questions and future plans including orbital simulations of the youngest stars using Gaia astrometry are presented in Sec. 6. A table of the external reference ages used in the age-activity relation calibration is presented in the Appendix.
IMPROVED CATALOG
The catalog of candidate active stars used in this work is described in detail by Z13. Here we very briefly review the determination of activity levels and basic characteristics of the sample to allow the reader to better understand the context of present study.
Chromospheric activity in the RAVE domain manifests itself in an excessive emission flux in the Ca II IRT while the rest of the spectrum remains indistinguishable from an inactive state. The strength of the emission can range from marginally detectable levels to individual cases with fluxes above the continuum level. The qualitative classification of the RAVE database using the locally linear embedding (LLE) technique (M12) entirely based on normalized spectra revealed over 44,000 stars with the possible presence of an excessive emission in the Ca II IRT. For the detailed selection criteria see Z13.
The photospheric component of the flux was eliminated from the active candidate star by the subtraction of the best-matching inactive template spectrum. For the purpose of the spectral subtraction technique a database of over 12,000 inactive single solar-like or latertype main sequence dwarfs with no emission or any other peculiarities was built from the measured RAVE sample. Although chromospheric activity has been detected in evolved stars (e.g. Wilson 1976) , objects with log g < 3.5 were excluded from the inactive sample because magnetic activity is not expected to be notably present in giant stars above the main sequence. Rutten 1984 (hereafter R84) showed that the emission rate in evolved stars is very close to the basal level.
The number of stars in the inactive set is sufficient to cover the entire parameter space of active candidates, -Time variability of the Ca II IRT chromospheric emission for stars with multiple measurements measured as the difference between the maximal and minimal activity rate. Activity detection limit (0.16Å) is shown with the black line (a). The majority of stars in the plot have 2 repeated observations, ∆t is a time difference between the measurements. More active stars exhibit higher variability rates (panel b; the moving average is shown with red line: bin size between -0.5 and 0.5Å is 0.1Å and larger above 0.5Å). The median variability of the sample (0.15Å) is comparable with the activity detection limit (c).
including the effective temperature, gravity and metallicity, varied noise realizations as well as possible variations of resolving power along the spectra. Most of the inactive stars are concentrated around the Solar temperature. It becomes less likely to find an inactive star in the cooler regions of the main sequence because active stars become more and more dominant there. Due to lack of inactive stars above the main-sequence the same database of 12,000 stars is used for the activity estimation of the pre-main sequence stars.
The advantage of the approach using the measured inactive library from the RAVE Survey in contrast to a synthetic dataset is the fact that active and inactive sets share the same instrumental profile of the spectra (e.g. resolving power and point-spread function along the spectra). It avoids problems with an invalid assumption of the local thermodynamic equilibrium in the chromospheric layer used in models which affects the cores of the strongest lines that are at the same time sensitive to magnetic activity. Moreover, the determination of the best-matching templates is parameter-free because it is based solely on the comparison of the normalized fluxes of active and inactive spectra. Atmospheric parameters are excluded from the template search. This is an important aspect as values for the highly active stars, together with the radial velocities, could be inaccurate due to the influence of the excessive flux. Additionally, the parameter estimation for RAVE stars with a temperature cooler than 4000 K shows systematic offsets. The search for the best-matching template by a comparison of the normalized fluxes was performed in an iterative algorithm to apply radial velocity corrections. To avoid the impact of the shallower calcium lines these regions were eliminated across a range of ±2.5Å from the line cores of all active and template spectra. Equivalent widths of the excessive emission for each calcium line in the spectrum combined into the sum EW IRT = EW 8498 + EW 8542 + EW 8662 are used as the activity proxy.
For reference, activity of the inactive database was estimated using the same method. The distribution of equivalent widths in the latter case is centred at −0.05Å with a standard deviation of σ = 0.16Å. An investigation of the subtracted spectra revealed that their average value outside calcium lies slightly below zero (∼ 10 −3 in the normalized flux units) which translates to the negative offset of the emission equivalent width. σ is accepted as an internal error on the derived EW IRT .
Another contribution to the uncertainty is the intrinsic time variability of the activity on the scales of days (stellar flares), months (starspot rotation) and decades (Solar 11-year cycle analogues). The statistics of the repeated observations of the same active stars from the active RAVE catalog (1146 stars, of which 30% were observed more than twice) shows that the median difference between the minimum and maximum values of activity for a single star (EW
In general more active stars show higher variability rates (Radick et al. 1998) . A moving average of EW It is important to stress that intrinsic variations of the chromospheric activity occur on time scales from days to months and tens of years (due to flares, stellar rotation of active regions and spots and 11-year Solar cycle analogs). The variations are smaller than the global decline of the activity with time.
The Aquarius overdensity
The Aquarius stream, which is known to consist of at least 15 stars between 30
• < l < 75
• and −70 • < b < −50
• has been identified in the RAVE data by Williams et al. 2011 . The stream members are giants at distances of 0.5 − 10 kpc with radial velocities ∼ −200 km s −1 and estimated to be 10 Gyr old. An additional group of 11 adjacent fields of red stars with J − K > 0.7 was intentionally observed by RAVE in the direction of the Aquarius constellation at 35
• and −62 • < l < −50
• in order to collect more stream candidates. As a consequence, a supplementary set of red dwarfs was observed as well. As the probability for activity increases toward the lower part of the main sequence, many of them turned out to be active (Fig. 2) . Nevertheless, the number of all observed stars in Aquarius and the number of all dwarfs with log g > 3.75, proper motions and radial velocities show no other peculiarities with respect to similar regions at the same Galactic latitude.
The ratio between red (J −K ≥ 0.7) active stars and all red RAVE dwarfs in Aquarius is at least 80%. The same is true for stars with EW IRT ≥ 1Å. For this reason the Aquarius fields notably contribute to the statistics of the reddest active stars which are otherwise underpopulated in the RAVE sample due to their low luminosities. The selection of candidates in the catalog is based on the set of morphological flags produced by the spectral classification technique. The classification algorithm compares the flux of the spectrum in question with fluxes from the reference database. The reference database was set up in the process involving a locally linear embedding (LLE). LLE is a general dimensionality reduction procedure that conserves relations between the neighboring points of the high-dimensional manifold. Because a selected spectrum in the projected space is surrounded by its neighbors from the high-dimensional space, the algorithm is useful for the classification purposes. An example of the projection of the RAVE data in the twodimensional space is shown in Fig. 3 where different colors indicate 11 distinct classes of spectra.
The method includes three steps. After the nearest neighbors are found for each data point in the original space, the set of weights that best describe the data point as a linear combination of its neighbors is derived. The final, key step is a projection on the low-dimensional space where each point is still best represented by the same weights from the previous step. For the details about the key steps see M12 or Roweis & Saul (2000) ; Vanderplas & Connolly (2009) and references therein.
The classification of the RAVE data was broken down into two crucial steps. First, a reference database of the most representative ∼ 5000 spectra was established by iteratively sifting the most dense areas of the LLE projection containing the most populated groups of stars. This way all distinct classes of objects were represented as evenly as possible in the final dataset. The reference set was then manually assigned classification flags of 11 distinct morphological classes. The classification of the rest of the RAVE spectra was calculated in the second step by comparing the spectra to the reference set. The outcome for each spectrum is a list of 20 flags ordered by the distance between the flux and its nearest reference neighbors. For more details see M12.
A star was selected as an active candidate when at least one nearest neighbor within its first 6 neighbors from the LLE reference database showed an emissiontype spectrum. While this relatively loose criterion helps to unravel marginally active spectra, it on the other hand contaminates the catalog with individual peculiar stars (where some of their nearest neighbors show unsuitable morphology, e.g., binaries, giants etc.). The aim of an improved activity identification is thus the elimination of active candidates that show peculiarity other than an excess emission in the Ca II IRT.
The search for such stars was performed in a few independent ways including nearest neighbor investigation, morphology notes and spectral types from the Simbad database and visual spectral inspection of the most active stars with manual elimination besides manual exclusion of stars with inadequate atmospheric parameters. Each star was examined by all these criteria.
The largest group of suspicious active candidates were giants with log g < 3.7 (6147 stars). Such stars were excluded from the candidate list introduced in Z13.
An additional 68 hot stars with Paschen lines and shallow calcium lines mistaken for activity were recognized manually. If any of the repeated observations (where available) were recognized as binary all spectra of such objects were removed (101 spectra).
Spectra with EW IRT > 1.7Å were manually checked for systematic errors. A few additional cases with peculiar fluxes were eliminated.
The nearest LLE neighbor investigation revealed binary candidates (marked as LLE b) with more than 2 binary neighbors (or the first or the second neighbor is a binary), stars with continuum problems (LLE c), wavelength calibration errors (LLE w), hot stars (LLE o), stars with TiO bands (LLE t) and other types of peculiarity (LLE p).
LLE e denotes stars with no emission-type neighbors (a few 100 stars). These stars were originally included in the catalog because they are candidate members of young clusters and were tested for possibly overlooked emission, especially for cases with a faulty radial velocity shift of several 100 km s −1 due to very strong emission. They were removed from the sample because they do not meet the LLE selection criteria.
A cross-check using the online Simbad database for stars with available morphology types (25,238 objects) confirmed the presence of binaries, Miras (marked as 'LLE t, LLE p, J − K > 0.6' in the table), Cepheids, galaxies (34 cases; most objects are actually stars with galaxies located nearby within 1 arcsec), stars of BY Dra, RS CVn and RR Lyr type, 9 (micro)lensing events, red giant branch and carbon stars, gamma-ray sources and 2 stars of an unknown nature. The frequency of peculiar Simbad morphology types is less than 3%. Note that spectra of RS CVn-type stars can look identical to active single stars and BY Dra stars can mimic chromospheric activity. Because the frequency of such known stars in the active sample is relatively small (13 RS CVn and 28 BY Dra objects) it is assumed that only a few individual cases could be left unrecognised in the database.
Simbad spectral types ('SimbadSpType') available for 4691 stars uncovered B, A and F-types and giants (luminosity classes I, II and III). The rest of the spectra has a clear peak on the main sequence: most of the stars are G-and K-type dwarfs.
9138 stars were removed in total from the initial catalog. A list of the number of stars meeting either of the rejection criteria described above is given in Table 1. 46 new active (young) candidates were found during the Simbad classification study ('T Tau', 'Pre-main sequence' and 'Young' types). These stars were not recognized as active by the LLE technique because they do not show signs of activity or have large radial velocity shifts (not derived correctly due to their strong emission) that make them look very peculiar. However, when allowing for these radial velocity shifts, 24 stars out of 46 were found to have EW IRT > 0.1Å and 16 with EW IRT > 1Å.
Inspection of the new spectra, first listed in DR5, revealed new active candidates. After the removal of unsuitable cases following the same requirements as above, 2919 new spectra of 2882 stars were found to show signs of activity. The sample was added to the catalog. The averaged active spectrum (EW IRT > 0.1Å) (black line) together with its 1σ (white) and 2σ (grey) standard deviation. Averaged inactive spectrum is shown for comparison (red line). Except for the TiO band at ∼ 8450Å and the strongest lines (calcium excess flux, Ti I (8434.98Å), Fe I (8688.63Å) etc.) the spectra remain unchanged because the number of marginally active spectra in the active sample is large. Bottom three rows: Focus on calcium lines for averaged spectra for each of the increasing activity bins (a range from 0 to 3.6Å with a stepsize of 0.2Å) divided into three color classes. For bins below 0.8Å 1000 spectra are averaged. The number drops for more active spectra from few hundreds (< 2.2Å), few tens (< 2.8Å) to less than 10 for the most active bins. White and blue bands indicate 1 and 2σ standard deviations for inactive spectra and include parameter variations (metallicity and temperature to some extent within a selected color bin). Because each active spectrum was compared to its nearest neighbor (and not to an averaged inactive spectrum) the fact that the least active spectra lie within 1 or 2σ bands does not necessarily mean that they do not differ from their inactive counterpart. For the most active spectra line asymmetries (towards red) appear.
An averaged spectrum in the decontaminated catalog together with 1 and 2 σ flux variations is compared with the averaged spectrum from the inactive database in Figure 4 . The main contribution to the variations is a range of different atmospheric temperatures (see Sec. 3 for further discussion) and noise. The average 1 σ variation of the continuum parts is ∼ 0.02 in the middle and ∼ 0.03 at the very ends of the spectrum. The value is consistent with the signal-to-noise estimation. Notable variation occurs within the strong lines, e.g. Ti I 8434.98Å, Fe I 8688.63Å, etc. due to the temperature variations of the spectra (and to a smaller extent due to metallicity).
Because marginally active stars outnumber the stars with higher emission levels due to the selection criteria the average calcium lines almost match the inactive profiles. However, averaged spectra within the selected activity ranges (an EW IRT range from 0 to 3.6Å with stepsize of 0.2Å) reveal a continuous and solid increase of excess emission fluxes (Fig. 4 , bottom panels), which establishes confidence in the reliability of the data. The most active averaged spectra suffer from more noise because only very few stars fall within these ranges (6 stars between EW IRT = 3Å and 3.2Å, 5 stars between EW IRT = 3.2Å and 3.4Å and 2 stars between EW IRT = 3.4Å and 3.6Å.)
Besides calcium lines, a mismatch between the averaged inactive and active spectrum occurs in other strong lines because the active database consists of cooler stars than the inactive dataset (see Sec. 3 for the comparison).
Our new improved catalog of active candidates includes 38,678 spectra of 35,750 stars. Within the sample, the emission levels of 21,925 stars exceed EW IRT = 0.1Å (1 σ) and the activity of almost 13,000 stars surpasses the 2 σ emission detection level. The distribution of activity is clearly bimodal (Fig. 5) . A question arises whether the more active peak at ∼ 1.5Å is an evident feature or simply a tail of the inactive distribution enhanced by the logarithmic scale on the plot. A comparison of the expected fraction of stars (a single Gaussian distribution centered at −0.05Å and with σ = 0.16Å that corresponds to the inactive sample) and the actual fraction of A comparison between the number N of active candidate stars above selected σ values (probability p log is given as well) and the expected number Nexp. for the unimodal Gaussian distribution with the average of −0.05Å and σ = 0.16Å (these are parameters for the inactive database activity distribution). The ratio N/Nexp. shows that the number of active stars largely exceeds the expected number from the unimodal distribution. This is quantitative evidence for the bimodality of the distribution of active stars.
stars (Table 2 ) strongly supports the hypothesis of the bimodal distribution. The less active peak is composed of stars with undetectable emission and a moderately active group of stars above EW IRT = 0.1Å. Its skewness does not originate in the imposed tail of the more active peak but stands on its own: the amplitude of the more active peak is ∼ 100 but at EW IRT = 0.4Å there are a few thousand more stars than expected. The existence of bimodality is already known in the literature for the Ca II H&K lines (e.g., Henry et al. 1996) .
The more active peak overlaps with the distribution of RAVE stars marked as young, T Tauri or pre-main sequence types in the Simbad database. Since the active catalog contains a relatively large number of such young stars (∼1600 stars with EW IRT > 1Å which is 4% of the active sample), the further analysis in this paper is focused on the most active spectra.
COLORS OF ACTIVE STARS
Besides the 2MASS J and K s magnitudes (Cutri et al. 2003 ; 94% of J magnitude uncertainties and 96% of K magnitude uncertainties below 0.03 mag for active RAVE stars) additional data were acquired to better characterize the nature of emission objects. The catalog is supplemented by N UV fluxes from the GALEX Survey (Bianchi et al. 2011 ; 1771-2831Å; 50% of stars with uncertainties below 0.04 mag and 80% below 0.1 mag), the ROSAT X-ray flux data (0.1-2.4 keV; Voges et al. 1999) , WISE W 1 and W 2 mid-infrared bandpasses (3.4 and 4.6 µm; Cutri & et al. 2014 ; typical W 1 uncertainties are 0.023 and typical W 2 uncertainties are 0.020) and Landolt V magnitudes from the APASS database (typical uncertainties 0.02 mag; Henden & Munari 2014) .
A cross-match between RAVE and the GALEX and the WISE catalogs was performed by the X-match online application (criterion of 5 arcsec radius). A manual coordinate match was used for the APASS catalog with 3 arcsec as a maximum distance between APASS and RAVE stars (the typical APASS astrometric uncertainty is 0.17 arcsec, the fibre size in RAVE is 6.7 arcsec). Xray sources were identified via ROSAT 1RXS names obtained through the Simbad online database. It is likely that many of the sources were overlooked but a direct coordinate match was not reliable due to large positional errors in the ROSAT data (10 arcsec).
The J − K colors of the majority of active stars lie between the Solar value (0.36) and ∼ 0.7 (Fig. 6 , lower panel) while the inactive database is solar-like. A bump at J − K ∼ 0.55 in the color distribution of the active sample originates in the fact that a color-cut was performed in the Galactic plane (|b| < 25
• ) at J − K = 0.5 in order to observe more red giants when the RAVE observations were defined. The distribution at J − K > 0.5 is thus more populated.
A number of red stars concentrates around J − K ∼ 0.8. The reader may recall the additional observations of the Aquarius stars described in Sec. 2.1. However, since there are 715 Aquarius red active stars observed out of 6774 red ones in total (11%), this is not the main contribution to the population.
The nature of red stars is revealed by the the midinfrared WISE photometry (Fig. 7, panel d ) . Objects with J − K > 0.7 and −0.1 W 1 − W 2 0.2 are cool (probably M-type) dwarfs. A similar analysis separating cool giants and dwarfs was done by Li et al. 2016 . A comparison between the active (black contours) and inactive sample (grey contours) shows a relative lack of cool inactive dwarfs because the majority of stars is active in this region of the color-color diagram. A number of very active stars at J − K ≈ 0.7 concentrates around W 1 − W 2 ≈ 0. Dashed contours representing giants (30,000 randomly chosen RAVE stars with log g < 3.5 and T eff < 6000 K) do not overlap with the very active area. This fact, together with the distribution of giants over J − K compared to the distribution of the active sample (Fig. 6 ) excludes the possibility that the very active stars are mistaken for the old red clump giants.
A similar diagram (left column -panels a, b and c) is shown using the near-ultraviolet photometry (N UV − V colors). In both cases (near-ultraviolet and midinfrared colors) stars with modest and moderate activity (EW IRT < 0.5Å) appear to have colors similar to inactive stars. However, the most active stars with J − K > 0.6 are significantly blueshifted in N UV − V and redshifted in W 1 − W 2 . The bigger the offset from the main sequence the more active the star on average.
A comparison between colors of active spectra and their first nearest inactive neighbors shows that stars above EW IRT > 1Å display a slight offset towards the red in the J − K color (0.07 ± 0.10) and a remarkable ultraviolet (−0.93 ± 1.019 offset towards the blue in the N UV − V color) and infrared excess (0.037 ± 0.079 offset in the W 1 − W 2 color). It is not entirely clear whether the red offset originates in the near infrared excess emission or reddening. A great fraction of active stars reside in the Galactic plane and some of them might still be embedded in their birth cocoons but in general distances to dwarfs are less than 400 pc due to the observational luminosity limit in RAVE. Zuckerman & Song 2004 state that for classical T Tauri stars (pre-main sequence stars less than a few million years old and associated with circumstellar nebulosity) "Excess emission above photospheric emission at near-, mid-and far-infrared wavelengths suggests the presence of substantial quantities of nearby heated dust particles in the form of a disk or envelope or both. Ultraviolet line and continuum emission of classical T Tauri stars indicates that, typically, they are actively accreting a portion of the surrounding gas and 8Žerjal et al. Table 6 . The bin size is 0.12Å. The vertical lines show center and ±1σ deviation of the distribution of inactive stars. The upper abscissa shows the probability that a star with a given activity rate and its uncertainty is more active than an inactive star (for details see Z13).
dust." On the other hand, Zuckerman & Song 2004 say, "by an age of ∼ 10 Myr, stellar optical activity is much reduced and near-and mid-infrared excesses are very infrequent". Dusty circumstellar disks (around pre-main sequence stars) and their infrared emission are discussed in detail by Zuckerman 2001. According to Feigelson & Montmerle 1999 , the X-ray emission is a ubiquitous characteristic of young low-mass stellar objects from protostars with ∼ 10 5 years to stars approaching the zero-age main sequence (ages of 10 7 years) as a consequence of powerful magnetic reconnection flares. It is thus no surprise that very active red stars exhibiting X-ray flux overlap with the most active region of the diagrams. What is more, RAVE stars with EW IRT > 1Å identified in the Simbad database as premain sequence, T Tauri and young objects, together with objects younger than 100 Myr (identification is given in the appendix, Table 6 ), reside in the same active part of the plots. Members of clusters, moving groups and associations are plotted for comparison.
The consistency of the photometric data justifies the assumption that the majority of the stars off the main sequence in the N UV − V -J − K and W 1 − W 2 -J − K planes (i.e. very active stars with EW IRT > 1Å) are very young, possibly still residing on the Hayashi tracks. The sample traces stars originating from recent star formation events in the Solar neighborhood. The reader may recall that active RAVE objects are field stars with a random selection function. Since the active catalog consists of a great fraction of Tycho-2 stars in the Solar neighborhood it is expected that parallaxes provided by Gaia will enable their precise placement on the isochrones. Besides the study of activity on the pre-main sequence, the position on the isochrones will help to investigate the nature of solar-like active objects with (J − K) < 0.5. They reach activities of up to ∼ 1Å and do not photometrically differ from inactive stars (except for a mild redshift in J − K) despite their young age. They evolve faster since their mass is greater than the mass of latetype stars. Moreover, the nature of the generation of a magnetic dynamo might depend on stellar mass and the relative depth of the convective envelope.
Activity of cool dwarfs (J − K ≥ 0.7) increases on average with redder color (upper panel of Fig. 6 : green line for active stars and blue for the inactive sample). Apart from the color-color diagrams, cumulative distributions over EW IRT for subsets within selected color ranges (Fig.  8 ) confirm that the more active peak in the distribution consists mainly of red stars. The redder the population the more active the stars. Only the bluest stars have their distribution centred below EW IRT = 0.1Å (1σ above the center of the reference inactive distribution). The distribution spreads out toward higher activities above J − K > 0.7. A significant fraction (20%) of stars with 0.85 < J − K < 0.9 is more active than 1Å as predicted earlier from the red sample.
According to the literature (e.g., R84) there exists a lower color-dependent boundary of the total surface flux in the Ca II H&K lines of the main sequence stars that corresponds to the basal emission of the star. The basal activity remains constant for solar-like stars while emission values between 1 < B − V < 1.6 are increased (Isaacson & Fischer 2010) . The region with higher basal levels corresponds to 0.65 < J − K < 1, which could explain the EW IRT -J − K relation.
However, basal emission is also expected to be present in the inactive sample as it is found in all stars with convective envelopes. This component should thus already have been eliminated from the EW IRT by the spectral subtraction technique assuming that active and inactive spectra represent similar stars. Nonetheless, EW IRT increases with color not only for active stars but for the inactive sample as well despite the fact that a star and its nearest inactive neighbor have almost identical colors (i.e., should have similar spectra) as shown in Figure 9 (note that the nearest neighbor search was based solely on the normalized spectrum, other parameters (e.g. colors) were excluded). The activity of inactive red stars is on average lower than the emission levels of red active stars. The reason for the marginal activity detected in the red spectra of the inactive sample is due to relaxed selection criteria in the coolest part of the set. As shown in Figure 8 the redder the star the more likely it appears to be active. At the same time, if nearest inactive neighbors in the EW IRT determination of active stars exhibit mild excess emission, the EW IRT of red active stars is underestimated. Mild activity of the inactive database is certainly one of the disadvantages of the spectral subtraction technique. Nevertheless, it seems that the trend of increasing activity with color cannot be explained by the basal emission. Other underlying phenomena, perhaps connected to the nature of convection and the generation of magnetic fields in the coolest (and youngest) stars, must be present.
AGE -ACTIVITY RELATION
The age of a star cannot be measured directly. It can only be estimated using various indirect (possibly distance-independent) methods. For pre-main sequence stars the lithium 6708Å depletion boundary is used (e.g. Jeffries 2014) while gyrochronology exploits the inverse correlation between the age and the rotation rate for main sequence F, G, K and early M stars (Barnes 2007) . Astroseismology proved very successful for pulsating stars but it is not entirely clear if the detection of pulsations in stars cooler than the Sun is possible (Huber et al. 2011) . Due to the absence of sensitive indicators the evaluation of the main sequence field star ages remains fundamentally difficult.
Young solar-type stars appear to be more magnetically active than older, evolved stars. The magnetic activity level correlates with a diminishing stellar rotation rate through the coupling by the magnetic dynamo effect (Skumanich 1972; Noyes et al. 1984 , Baliunas et al. 1995 . Skumanich 1972 studied cluster members and binary companions of more massive stars and reported the relationship between stellar age and chromospheric emission decay to be proportional to τ −1/2 . Many authors later calibrated the power-law relationship with their samples and ages provided by other, alternative methods. While Stelzer et al. 2013 confirm the relation for G-, K-and M-dwarfs, M08 review calibrations from the literature (Barry et al. 1987; Soderblom et al. 1991; Lachaume et al. 1999 ) and describe their new empirical calibration for the Ca II H&K, reliable for solar-type (F7-K2) stars between 0.6 and 4.5 Gyr: log τ = −38.053 − 17.912 log R ′ HK − 1.6675(log R ′ HK )
2 .
(1) Here R ′ HK is a ratio between the sum of emission fluxes in the Ca II H&K lines (bandwidth of 1Å) and the bolometric flux of the star.
The nature of the chromospheric activity evolution has been examined by various authors, e.g., Pace 2013; Zhao et al. 2011; Lyra & Porto de Mello 2005 . A comparison of the age-activity relation as a dating technique with other methods for young stars (lithium depletion boundary and gyrochronology) was described by Jeffries 2014. Soderblom 2010 comprehensively reviews stellar dating techniques and provides advantages and disadvantages of using the activity -age relation. He emphasizes the fact that the main parameter is stellar rotation. Its relation to activity is poorly understood as it turns out that especially for the pre-main sequence and zero-age main sequence stars a given rotation rate can result in a range of activity levels. Gallet & Bouvier 2013 show the relation to converge only after ∼ 500 Myr. An approximate tuning is possible for stars between 500 Myr and 1.5 − 2 Gyr. Stars later remain active but it is more difficult to detect their diminishing low levels of activity. A large spread in rotational velocities of the youngest stars disproportional to their ages escalates the complexity of the problem besides the evidence that high rotation rates with longer convective turnover times at lower masses and pre-main sequence stars cause saturation of chromospheric activity indicators. The activity lifetime of 10Žerjal et al. -EW IRT versus J − K color excess for active stars (contours). The latter is given as a difference between the color of the star and the color of its nearest inactive neighbor assuming that reddening of inactive stars (grey histogram) is negligible. The red vertical solid line marks the average color excess at the given activity rate (the bin size is 0.11Å). The majority of stars is concentrated around zero color excess. Very active stars are prone to mild reddening (or infrared excess emission) because they mostly reside in the Galactic plane and are possibly still embedded in their gas and dust cocoons (pre-main sequence stars). Binney et al. 2014 . Because their age prior was focused mainly on older stars, active stars are estimated to be older than a few Gyr. In our work, reference ages of known Galactic open cluster members, moving groups and ages derived from the Age − log R ′ HK relation are used (see Table 6 for references and additional info).
Despite many limitations described in the previous section and considerable scatter of the data the large scale correlation between activity and age is still evident in RAVE (Fig. 10) . It allows us to provide a coarse calibration. The goal of this work is not precise dating but a relation that gives an order of magnitude age estimate that can significantly contribute to the establishment of young candidate lists in large field star surveys.
A moving mean of the ages within activity bins (0.25Å) up to 2Å is presented together with the ±1σ deviations in the Table 3 . Since this is an approximate relation we assume that more active stars are not older than a few tens of millions of years.
The ages of the oldest and the least active reference stars coming from the catalogs with known log R ′ HK -age relation values reach a few billions of years. The Solar log R ′ HK activity is ∼ −4.9 (M08) which translates to −0.2Å < EW IRT < 0.2Å according to the log R ′ HK − EW IRT correlation in Fig. 7 in Z13 . The age of a star within this activity bin is between 1 and 6 Gyr.
Regarding the discussion in Sec. 3 spectra with activity above ∼ 1Å and J − K 0.5 probably belong to the pre-main sequence population of stars and they must thus be younger than ∼ 100 Myr. The more active peak in the activity distribution occurs around 1.5Å which translates to a few tens of millions of years. Although emission levels below ∼ 1Å on average correspond to ages older than 100 Myr, the distribution of activity of young stars with J −K < 0.5 extends down to ∼ −0.5Å. The relation is color-dependent as pointed out by many authors, e.g., M08. Nevertheless, the correlation between age and activity in Figure 10 does not show any particular color trend. The reason is probably a combination of the fact that most of the calibration stars are solar-like with J − K < 0.5 and that the scatter is too large.
A parabola was used to find the age of a star for a given activity level, as follows:
The fit is only informative. Clearly, the uncertainties of the derived ages from the equation are large and this method is not to be used for precise dating. Due to the large scatter of the data used in this paper only a categorization of ages into three orders of magnitude is possible: Ages of stars with EW IRT < 0.25Å are estimated to be 1 billion years or greater. Stars with activity levels between 0.25 and 0.75Å are estimated to be between 0.1 and 1 Gyr old whereas the most active stars (EW IRT ≥ 0.75Å) are younger than 100 Myr. Nevertheless, the result is highly beneficial in large surveys for the identification of a large number of young stars that are candidates for further more detailed investigation using alternative methods. The catalog of active stars will appear online in the Vizier database. The description of the columns including the age estimate is given in Table 4 .
RAVE DISTANCES
The number of all active stars over the number of all RAVE dwarfs with log g > 3.75 (Figure 11) indicates that star formation mainly occurs in the Galactic plane, as expected. Additionally, a plot of the ratio between the number of active stars over the number of all observed RAVE dwarfs for three color-classes versus the Galactic latitude (Fig. 12, panels a, b and c) demonstrates that the most active stars (red line) are most probably found closer to (and in) the Galactic plane. However, because the stars at low latitudes can theoretically still lie at great distances from the Galactic plane z, it is more convenient to plot the distribution over z.
Spectrophotometric distances to the RAVE stars have been estimated by an updated version of the Binney et al. 2014 distance pipeline which includes a wider range of metallicities (the lower limit was extended from [Fe/H]=-0.9 in the previous version down to -2.2 dex) in the adopted isochrones. A comparison of distances from RAVE and external catalogs (for clus- ter and moving groups members) shows an offset (the average difference between distances for a particular star closer than 500 pc is 31 pc) and a rather big scatter (standard deviation of the difference between the estimates is 98 pc and 36 pc for stars closer than 100 pc). A colormagnitude diagram using RAVE distances reveals that a large fraction of very active stars (above J − K > 0.6) reside either above giants (their surface gravity is typically underestimated) or below the main sequence.
To overcome the overall problem of distances, stars were confined between a 1 Gyr isochrone on the main sequence and a 10 Myr isochrone in the pre-main sequence zone (it corresponds to ∼ 1.5 M ⊙ main-sequence turnon initial mass; more massive stars have already settled on the ZAMS while stars below this point are still contracting). The latter age is likely underestimated but it serves as the lower limit. Theoretically, for the reddest stars the two distances differ for a factor ∼ 1.7 and for ∼ 1.9 for the bluest stars. Both isochrones use Padova models (PARSEC release v1.2S; Bressan et al. 2012 ); the metallicity is set to the Solar value.
The detection limit for K4-type RAVE dwarfs is around 200 pc (∼ 400 pc for solar-like dwarfs). The vertical scale height of the Galactic thin disk is ∼ 300 pc (Freeman & Bland-Hawthorn 2002) which means that practically all active candidates are expected to be situated within this layer. Due to the I magnitude being the only limit outside the color-selected Galactic plane, populations of RAVE stars with similar spectroscopic types should in principle occupy volumes in space of the similar size. For this reason the data analysis was performed for three different color ranges. Moreover, active stars were divided into two groups: less active stars with EW IRT < 1Å and more active stars with EW IRT ≥ 1Å. Distances for inactive stars are not considered because of the selection criterion: very high signal-to-noise values of template spectra were demanded when building the inactive database which effectively means that these stars must reside very close to the Sun.
At 1 Gyr (Fig. 12 , panels d, e and f) more active stars (especially solar-like ones with 0.2 < J − K < 0.5, panel d) on average have smaller distances than less active stars. There is no reason for their absence at greater distances. As it is evident that the more active stars might still reside in their pre-main sequence phases, the problem can be solved by raising the most active subset to younger and more luminous isochrones as stellar distance in the Hertzsprung-Russell diagram grows in the direction toward the giants. The red line in the plot represents the distance distribution for more active stars at 10 Myr. While distances for both activity groups with J − K > 0.5 (panels e and f) at 1 Gyr are comparable, distances for more active stars at 10 Myr are expectedly larger. However, it seems that the distance distribution for very active solar-like stars (0.2 < J − K < 0.5, panel d) is in disagreement with their placement on the color-color diagram (Fig. 7) . Photometry shows that this group of stars is placed on the main sequence (so they must be put on the 1 Gyr isochrone). One might think that the possible reason for the lack of more distant stars could be the detection limit of activity: because solar-like stars show lower levels of emission its detection is more challenging in noisy spectra, i.e., spectra of more distant stars. Nevertheless, this is not the case since the 14Žerjal et al. The number of active stars over the number of all RAVE dwarfs with log g > 3.75 versus the Galactic latitude for 3 color classes. Uneven bin sizes correspond to areas with equal surface in the sky. The most active stars (red line; scale on the right) concentrate at low Galactic latitudes. Distributions for all active stars (green line) and stars with EW IRT < 1Å (black line) are given for reference (their scale is on the left). Right: Isochronal heliocentric distance estimates at 1 Gyr. Because more active stars (especially solar-like ones with 0.2 < J − K < 0.5, panel d) on average have smaller distances than less active stars, an additional 10 Myr distance was determined as an upper limit for this group as it is evident that they might still reside in their pre-main sequence phases. Histograms for stars with EW IRT < 1Å (solid and dotted black line) are shown according to the left axis while the scale for stars with EW IRT ≥ 1Å (solid and dotted blue and red line) is shown on the right. Distribution of mock-RAVE stars (using the Galaxia model) is shown for comparison (dashed lines; 'young stars' mark sample of objects with ages corresponding to 0.1Å < EW IRT < 1Å, 'very young stars' would show EW IRT > 1Å at their age. distribution of less active stars reaches greater distances.
In order to better understand the distance distribution of the youngest RAVE stars, the population synthesis code Galaxia ) was used to produce a mock-RAVE catalog (Wojno et al. 2016) . First, a full-sky synthetic catalog was generated with an apparent magnitude limit 0 < I DENIS < 14. These apparent magnitudes were corrected for extinction using Schlegel map values (Schlegel et al. 1998) at the position of the star, and modified to include errors using a RAVE-like magnitude error distribution. The RAVE selection function (S select ∼ (l, b, I 2MASS , J − K s )) was then applied to this sample to match the distribution of the observed RAVE stars. Because it is evident that active stars are rare in the blue part of RAVE's main sequence, the upper log g limit was set to 4.4 and T eff < 6000 K. All stars on the lower main sequence satisfying these criteria are included in the mock sample because activity is not simulated in the catalog. Further, only the youngest stars were selected from the set: stars below log age = 7.78 (purple shade in the plot; this age limit corresponds to EW IRT > 1Å according to Eq. 2) and stars with 7.78 < log age < 9.23 (0.1Å < EW IRT < 1Å; green line). In order to additionally divide the sample into three color classes the temperature was converted to J − K colors (stars with T eff > 5100 K correspond to J − K < 0.5, stars with 4500 K < T eff < 5100 K to 0.5 < J − K < 0.7 and stars cooler than 4500 K to J − K > 0.7).
A qualitative comparison between the observed and mock catalog distributions shows similar trends. The lack of more distant, very young stars in the bluest sample (0.2 < J − K < 0.5, panel d) is also evident in the mock sample. The nonexistence of distant, very young stars in the mock catalog as well excludes the selection effect in the observed RAVE sample.
Note that there is a quantitative difference present between the mock and observed dataset. A possible reason is that Galaxia does not inherently include errors on distances, and that isochronal estimates in this work do not take extinction into account.
Despite the efforts to estimate stellar distances their values remain unreliable and inconclusive. For this reason we skip the study of the distribution of stars over the distance from the Galactic plane z. Accurate and precise parallaxes from the Gaia catalogs will provide more detailed insight into the distribution of active stars over the distance from the Galactic plane 20 .
DISCUSSION AND CONCLUSIONS
This work reports on the improved identification of stellar activity in the catalog introduced by Z13 and extends its quality control. Over 9,000 unreliable or improper spectra were removed from the sample (Sec. 2). 2919 new spectra of 2882 stars published for the first time in DR5 were found to show signs of activity and were added to the active catalog. The increasing excess emission flux in the Ca II IRT in the averaged spectra for each activity bin from levels below the detection limit to individual cases with emission filling in calcium lines confirms the reliability of the data (Fig. 4) . The new catalog comprises of 38,678 candidate spectra with activities of almost 13,000 stars above 2 σ and almost 22,000 stars above the 1 σ emission detection level.
The distribution of activity is bimodal (Fig. 5) . This statement is supported by the comparison of the active sample and a single Gaussian function equivalent to the distribution of inactive stars. Since the number of stars around the peak at ∼ 1.5Å exceeds the expected number by a few thousand times (Table 2) , this is clear evidence for the existence of an additional peak in the distribution. Bimodality was also known to appear in the distribution of emission in the Ca II H&K lines but the reason for the two peaks is not entirely clear. Since Gray et al. 2006 report a disappearing bimodality for stars with [M/H] < −0.2 different dynamo-generating mechanisms combined with metallicity dependence and stellar evolution might play a role in the structure of stellar magnetic fields and the resulting excess emission flux. A promising upcoming detailed chemical abundance information of up to 30 elements for ∼ 1 million stars from the Galah Survey with a precision of < 0.1 dex (De Silva et al. 2015) and with a combination of Hα and Hβ emission looks suitable to help to disentangle the underlying processes.
An interesting phenomenon in the distribution of active stars in the EW IRT versus J − K space is observed (Sec. 3). Above J − K > 0.7, the average activity is not only the highest but correlated with color as well (Fig. 6) . The contribution of the color-dependent basal emission is excluded from the EW IRT by the spectral subtraction technique using a measured inactive template database. A similar trend is observed in the sample of inactive stars (a small fraction of the coolest marginally active stars was recognized as inactive because of relaxed selection criteria due to the lack of inactive red stars). Further photometric investigation (Fig. 7) unveiled their position off the main sequence in both the J − K -N UV − V and J − K -W 1 − W 2 space with exposing a large nearultraviolet and mid-infrared excess emission. Pre-main 20 Note to the reader: this paper was submitted before the TGAS catalog (Gaia-DR1) was released. sequence, T Tauri and young stars together with X-ray sources (additional data from the Simbad database) and stars younger than 100 Myr (see appendix for the age reference) overlap with these regions. Undoubtedly, red and very active stars appear to be extremely young, probably still on their way to the main sequence. Again, the correlation between the activity and color of the coolest stars questions the nature of magnetic fields affected by stellar mass and the structure of convective envelopes.
In order to further investigate the young age of the sample, a study of the age-EW IRT relation and its calibration is presented as the main result of this paper (Sec. 4). A clear correlation between external catalog ages and EW IRT (Fig. 10) enabled a coarse calibration of the relation on a large scale (Eq. 2) because on smaller scales the scatter is significant. We introduce 3 age classes (above 1 Gyr, between 1 Gyr and 100 Myr and younger than 100 Myr) based on the stellar emission levels. Despite the large uncertainties the EW IRT obtained from a single spectroscopic observation of a mid-range resolving power enables the identification of extremely young stars. The latter are of a special interest for the establishment of candidate catalogs in the large surveys and further detailed study due to the possibility to host exoplanets in their young stages besides recent star formation history. Figure 13 presents the probability for the activity rate for a randomly observed dwarf in the Solar neighborhood with known J − K color. At J − K > 0.8 more than 60% of the stars show signs of activity detectable in RAVE and almost 10% of the stars have EW IRT > 1Å (i.e., are younger than 100 Myr).
Solar-like stars settle on the main sequence sooner and evolve faster than very red dwarfs which makes the ageactivity relation color-dependent. The population of the most active RAVE stars confirms the theory as solar -TABLE 5 Color-dependent distribution of the youngest RAVE stars over the age classes. like stars with EW IRT > 0.75Å younger than 100 Myr already reached the main sequence (Fig. 7) . The color dependence of the relation is not taken into account in this work because no trend is evident in the data.
The distribution of ages for all candidate active RAVE stars is shown in Table 5 . ∼14,000 stars (11% of all RAVE dwarfs) are estimated to be younger than 1 Gyr and ∼2000 (1.6%) younger than 100 Myr. The majority of the youngest stars are very red (J − K > 0.5) and probably lies off the main sequence while stars younger than 1 Gyr tend to be hotter, as expected from Figures 7 and 13. The fraction of the coolest stars younger than 100 Myr (0.125) in the RAVE sample is ∼three times higher than the fraction in the mock-RAVE catalog (0.038). The sample is a tracer of (a) recent largescale star formation event(s) that occurred in the Solar neighborhood in the southern Galactic hemisphere, possibly due to the crossing(s) of the spiral arm(s). Zuckerman & Song 2004 (and references therein) claim that a connection between nearby, young stellar groups and Scorpius-Centauri region (the nearest site of massive star formation) is evident and that, "unless the Scorpius-Centauri mass function is very different from those of other star-forming regions, there must have been a handful of supernova explosions that triggered and later dispersed the maternal clouds of the young nearby groups". An analysis with Gaussian mixture models done by Bovy et al. 2009 on Galactocentric velocities of nearby Hipparcos stars (with distances less than 100 pc) revealed that a large fraction of nearby stars (about 40%) live their lives in a small number of moving groups. Murgas et al. 2013 analysed a sample of ∼ 1000 stars from several catalogs of active stars (both Ca II H&K and ultraviolet data) that have kinematic data available. They showed that areas with higher density and activity higher than average in the U − V velocity plane correlate with the known positions of moving groups and clusters. Antoja et al. 2012 detected significant overdensities in the velocity distributions of the RAVE disc stars in and beyond the Solar neighborhood (they report on the main local kinematic groups to be large-scale features surviving at least up to ∼ 1 kpc from the Sun). According to their findings, a large number of young RAVE stars probably belong to known (or possibly still undiscovered) moving groups and recently disrupted clusters. Orbital simulations would provide more detailed insight into this matter. Their photometric distances remain unreliable (Sec. 5), but around 50% of the sample is found in the TGAS catalog. Since the database consists of dwarfs in the Solar neighborhood their parallaxes and proper motions are expected to be derived with high accuracy and precision. Distances will enable the accurate placement of objects on the isochrones. The RAVE sample of young active stars thus represents a valuable dataset to study not only the recent star formation history but the stellar physics of young and cool objects as well. 
